Introduction
In the 1970s, lubricants were used in hot sheet rolling of steel in order to reduce the rolling force and the roll wear. [1] [2] [3] In order to investigate into the decrease the rolling force and the roll wear, the lubricants and the rolls with high lubricity were developed. [4] [5] [6] [7] [8] In order to carry out these investigations, the coefficients of friction in hot rolling of steel were measured using small scale hot rolling mills, [4] [5] [6] [7] a two disks testing machine 8) and so on. However, from these papers, though the values of the coefficient of friction in hot sheet rolling of steel were obtained, the lubrication behavior at the interface between roll and workpiece can not substantially understood up to now.
Recently hot rolling with severely high reduction have been developed to make the ultra-fine grained steels. The high reduction causes some troubles such as the increase of the rolling force, the occurrence of friction pick up and so on. To solve these problems, the new tribological systems of lubricant and roll must be developed. For this development, the lubrication mechanism at the interface between roll and workpiece in hot sheet rolling must be quantitatively understood.
In order to measure the coefficient of friction, the authors 9) developed a new simulation testing machine in the laboratory instead of the small scale hot rolling mill, the two disks testing machine and so on. They reported that over an emulsion concentration of 1.0 % the coefficient of friction became constant as the lubrication film covered all of contact interface and on the other hand up to 1.0 % the coefficient of friction increased as the contact interface consisted of the region covered with the lubrication film and the region without the lubrication film. From theses coefficients of friction, the lubrication model at the interface between roll and workpiece in hot sheet rolling of steel was proposed. 10) In this paper, using the new simulation testing machine developed by the authors, the coefficient of friction are measured changing the composition of base oil, the viscosity of base oil and the additive agent and the lubrication mechanism is established based on the proposed lubrication model. Figure 1 shows the schematic representation of the simulation testing machine for the evaluation of the lubrication behavior in hot sheet rolling. This testing machine consists of a main stand, a sub stand, a furnace and a tension device. An infrared image furnace is set between the main and the sub stands. In order to reduce the rolling force and the roll wear, the lubricants have been used in hot sheet rolling of steel, but the lubrication behavior at the interface between roll and workpiece in hot steel rolling have never been well understood. On the other hand, hot rolling process with high reduction in thickness have been developed to produce the ultra-fine grained steels. The high reduction in hot rolling causes some troubles such as the increase of the rolling force, the occurrence of friction pick up and so on. To solve these problems, the lubrication behavior at the interface between roll and workpiece in hot steel rolling must be quantitatively understood. In this paper, the coefficients of friction were measured by using the newly developed simulation testing machine for hot rolling. The effects of lubricant factors such as the compositions and the viscosity of the base oil and the additive agents on the coefficient of friction were investigated. From these experimental results, the lubrication behavior at the interface between roll and workpiece was investigated and the lubrication mechanism was proposed.
Experimental Method

Simulation Resting Machine
KEY WORDS: hot rolling; coefficient of friction; lubrication; simulation testing. main stand to the speed of the rolls in the sub stand is controlled from 6.3 to 24 using the infinity variable transmission. The rolling speed of the main stand can be continuously changed up to 207 m/min using 37 kW DC motor, the timing belt and the electrical operated friction clutch. The rolling reduction is controlled by changing the gap between the upper and lower rolls. The main stand is instrumented with two load cells and a torque transducer. The rolling force can be measured up to 200 kN and the rolling torque can be measured up to 800 N m. The rolling speed of the sub stand becomes from one sixth to one twentieth of the rolling speed of the main stand using the timing belt and the reducing gear. The workpiece strip moves at speeds from one sixth to one twentieth of the rolling speed of the main stand using the sub stand. The stroke of the tension device is 1m and the forward tension can be changed up to 3.5 kN. In the infrared image furnace, 48 infrared image lamps are installed. The temperature in the furnace is controlled by the ES100P digital controller. The maximum furnace temperature is 1 100°C and the heating length is 960 mm. The atmosphere in the furnace is controlled by Ar gas.
Evaluation Method
The workpiece material is SPHC. The strip with the dimensions of a thickness of 9 mm, a width of 22 mm and a length of 2 750 mm is used. The roll material of the upper roll of the main stand is SKD61 and the diameter is 100 mm. The materials and the dimensions of the roll and workpiece are shown in Table 1 . The surface roughness of the roll is controlled at a constant surface roughness of 0.2 mm Ra using No.280 Emery papers. Before rolling, the surfaces of the roll and the workpiece are cleaned with benzene. Figure 2 shows the schematic representation of the simulation method. As shown in Fig. 2(a) , the strip is first set on the table and a load of about 26 kN is applied at the substand ②. Then, the strip end is clumped with the chuck part of the tension device and a load of about 0.9 kN is applied. The strip is heated at a given temperature during a constant time using the infrared image furnace ③. As shown in Fig.  2(b) , the strip with a front tension secondly moves to the main-stand ① by rolling in the sub-stand. Next, as shown in Fig. 2(c) as the heated zone of the strip comes to the mainstand, the heated strip is compressed at a given rolling reduction by the upper roll and the strip is rolled at a constant sliding speed. It is understood that in the slip rolling of the simulation testing machine, the simulation method for examining the effect of the rolling reduction on the coefficient of friction is acceptable in order to examine the effect of the reduction in thickness on the coefficient of friction in the normal rolling. Under these conditions, the rolling force P and the torque of the upper roll G are measured. The coefficient of friction can be calculated from P and G using the following equation, (1) where R is the roll radius. The coefficient of friction is used in order to understand the lubrication behavior at the interface between roll and workpiece.
The coefficient of friction measured by the simulation testing machine becomes constant over a rolling distance of 50 mm. The measured value of the coefficient of friction is determined from an average values from 150 to 350 mm. The variation of the average value is within 0.004. 9, 10) The coefficients of friction measured are independent on the rolling reduction in the range from 0.1 to 0.5 mm and the rolling speed in the range from 30 to 70 m/min. In this experiment, from these experimental results the coefficients of friction are measured at rolling conditions as shown in Table 2 . The experiments are carried out constant rolling conditions of a rolling speed of 50 m/min, a velocity ratio of 20, a rolling reduction of 0.3 mm and a furnace temperature of 800°C.
Lubricants
In this experiment, in order to examine the effect of the composition of base oil, the viscosity of base oil and the additive agent on the coefficient of friction, the coefficient of friction are measured at constant rolling conditions changing the emulsion concentration, the composition of base oil, the viscosity of base oil and the additive agent. The compositions of lubricants used are summarized in Table 3 . The colza oil (A), the mineral oils with different viscosities (B, D) and the synthetic ester oils with different viscosities (C, E) are used as base oil. These viscosities are 35 (A), 40 (B), 50 (C), 170 (D) and 200 mm 2 /s (E) at 40°C. The oleic acid (A1, B1, C1), the fatty oil sulfide (A2, B2, C2), the graphite (A3, B3, C3), the molybdenum disulfide (A4, B4, C4) and the mice are (A5, B5, C5) used as additive agent. The average diameters of the graphite, the molybdenum disulfide and the mica are 3, 2 and 4 mm.
In order to investigate the effect of the emulsion concentration on the coefficient of friction of rolling oils with different composition and viscosity, the experiments are carried out changing the emulsion concentration in the range from 0.1 to 3.0 %. Next, in order to investigate the effect of the additive on the coefficient of friction, the experiments are carried out at emulsion concentrations of 0.1 and 3 %.
The emulsion temperature is controlled at 40°C and the emulation amount of 800 mL/min is supplied at the exit side of upper roll surface using the flat nozzle. The average diameter of the colza oil of emulsion with concentrations of 3.0 and 0.1 % are 16.8 and 10.1 mm.
Results
Effect of Emulsion Composition and Viscosity of
Base Oil Figure 3 shows the relationship between coefficient of friction and emulsion concentration for the colza oil (A), the mineral oil (B) and the synthetic ester oil (C). Over an emulsion concentration of 1.0 %, the coefficients of friction for all of base oils become constant and the value for the mineral oil becomes higher than those for the colza oil and the synthetic ester oil. The values for the colza oil, the mineral oil and the synthetic ester oil are 0.1, 0.15 and 0.11. On the other hand, up to 1.0 % the coefficients of friction increase with decreasing emulsion concentration for the colza oil, the mineral oil and the synthetic ester oil. These three oils showed the different dependence of the coefficient of friction on the emulsion concentration. Figure 4 shows the relationship between coefficient of friction and emulsion concentration for the mineral oils with different viscosity (B, D). Over an emulsion concentration of 1.0 %, the coefficients of friction for the two oils become constant and the values are same. The viscosity dependence of the coefficient of friction for the two oils can not be observed. On the other hand, up to 1.0 % the degree of the increase of the coefficient of friction for the mineral oil with low viscosity is larger than one for the mineral oil with high viscosity. Figure 5 shows the relationship between coefficient of friction and emulsion concentration for the synthetic ester oils with different viscosity (C, E). The coefficients of friction for the two oils are almost the same in a range of the emulsion concentration up to 3.0 %. Figures 6(a) and 6(b) shows the coefficient of friction at emulsion concentrations of 0.1 and 3.0 % for the colza base oils with additive agents. At an emulsion concentration of 3.0 % in Fig. 6(a) , the coefficients of friction are independent of the addition of the additive agents. On the other hand, at 0.1 % in Fig. 6(b) the coefficient of friction for each of base oils decreases by the addition of the additive agent.
Effect of Additive Agent
Figures 7(a) and 7(b) shows the coefficient of friction at emulsion concentrations of 0.1 and 3.0 % for the mineral oil with low viscosity added the additive agents. At an emulsion concentration of 3.0 % in Fig. 7(a) , the coefficients of friction are independent of the additive agents. On the other hand, at 0.1 in Fig. 7(b) the coefficient of friction for each of base oils decreases by the addition of the additive agents. Figures 8(a) and 8(b) shows the coefficient of friction at emulsion concentrations of 0.1 and 3.0 % for the synthetic ester base oil with low viscosity added the additive agents. At an emulsion concentration of 0.1 % in Fig. 8(a) , the coefficients of friction are almost independent of the additive agent. On the other hand, at 3.0 % in Fig. 8(b) the coefficients of friction for the synthetic eater base oils with the oleic acid and the graphite are lower than one for the synthetic ester base oil (C). The coefficients of friction for the synthetic ester base oils with the fatty oil sulfide, the molybdenum disulfide and the mica are same as one for the synthetic base oil.
Discussion
The lubrication mechanism is clarified from the experimental results on the effect of the tribological factors on the coefficient of friction using the lubrication model proposed by the authors as shown in Fig. 9 . 10) In the higher range of an emulsion concentration of 1.0 % and over as shown in Fig. 9(a) , the lubrication film covers all of contact interface. The coefficients of friction become constant and the values do not depend on the lubrication film thickness and depend on the composition of base oil. The value for the mineral base oil becomes higher than those for the colza oil and the synthetic ester oil with the extreme polar. Moreover, from Figs. 4 and 5 the coefficient of friction in the higher range of the emulsion concentration also does not depend on the viscosity of the base oil. Consequently, in the higher range it is understood that the lubrication mechanism is boundary regime.
Moreover, in order to verify the lubrication mechanism, the rolling experiment with the neat of the colza oil was carried out at the same rolling conditions and the coefficient of friction was measured. The coefficient of friction measured is 0.092 and the value is the same as one with an emulsion concentration of 3.0 %. From this experimental result, in the range of the lubrication model as shown in Fig. 9(a) , it is confirmed that the coefficient of friction does not depend on the lubrication film thickness and becomes constant.
On the other hand, in the lower range up to an emulsion concentration of 1.0 % as shown in Fig. 9(b) , the contact interface consists of the region covered with the lubrication film and the region without the lubrication film. It can be estimated that the coefficient of friction in the region without the lubrication film is the same as one with the water. In Fig. 3 , the coefficient of friction with the emulsion concentration of 0 % is 0.4 and the value is higher than one in the higher of the emulsion concentration. The coefficient of friction in this region is given by 2) where m L is the coefficient of friction in the region covered with the lubrication film, m W the coefficient of friction in the region with the water and a the ratio of the region with the water.
From Fig. 3 , the values of the coefficient of friction of the colza oil at emulsion concentrations of 0.1 % and 3.0 % are 0.196 and 0.098. Consequently, the values of the ratio a of the colza oil can be calculated by using Eq. (2) and the it is 0.32. In the same way, the values at an emulsion concentration of 0.1 % for the synthetic ester oil and the mineral oil are 0.19 and 0.23 and they depend on the emulsion composition. Moreover, the ration depends on the viscosity of the base oil from Figs. 4 and 5. Consequently, in the lower range it can be understood that the lubrication mechanism is mixed regime which consists of the boundary region and the water region.
In Figs. 6, 7 and 8, the coefficient of friction at an emulsion concentration of 3.0 % for the colza oil, the synthetic ester oil and the mineral oil, the coefficients of friction are almost independent on the additive agents because the amount of the additive agents are small in hot sheet rolling. However, for the colza oil and the mineral oil, the coefficients of friction with additive agent at an emulsion concentration of 0.1 % are smaller than those without the additive agent. For the synthetic ester oil, the coefficients of friction with oleic acid and graphic are smaller than those without the additive agent. It is considered that the additive agent effects on the ratio of the water region.
Conclusions
(1) In the higher range over an emulsion concentration of 1.0 %, the coefficients of friction for the colza oil, the mineral oil and the synthetic ester oil became constant in spite of the increase of the inlet oil film thickness accompanied with the increase of the emulsion concentration. On the other hand, up to 1.0 % the coefficient of friction increased with decreasing inlet oil film thickness accompanied with the increase of the emulsion concentration.
(2) Over an emulsion concentration of 1.0 %, the coefficient of friction did not depend on the emulsion composition and depended on the viscosity of base oil. Consequently, it was understood that the lubrication mechanism was boundary regime. Up to 1.0 %, the coefficient of friction depended on the emulsion composition, the viscosity of base oil and the additive agent. Consequently, it is understood that the lubrication mechanism was mixed regime which consisted of the boundary region and the water region.
(3) The coefficient of friction at an emulsion concentration of 3.0 % for the colza oil, the synthetic ester oil and the mineral oil, the coefficients of friction are almost independent on the additive agents. On the other hand, for the colza oil and the mineral oil, the coefficients of friction with additive agent at an emulsion concentration of 0.1 % are smaller than those without the additive agent. For the synthetic ester oil, the coefficients of friction with oleic acid and graphic were smaller than those without the additive agent.
